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Ferroelectriclike metals are a relatively rare class of materials that have ferroelectriclike distortion and
metallic conductivity. LiOsO3 is the first demonstrated and the most investigated ferroelectriclike metal. The
presence of free carriers makes them difficult to be studied by traditional ferroelectric techniques. In this paper,
using symmetry analysis and first-principles calculations, we demonstrate that the ferroelectriclike transition
of LiOsO3 can be probed by a kind of electrical transport method based on nonlinear Hall effect. The Berry
curvature dipole exists in the ferroelectriclike phase and it can lead to a measurable nonlinear Hall conductance
with a conventional experimental setup. However, the symmetry of the paraelectriclike phase LiOsO3 vanishes
the Berry curvature dipole. The Berry curvature dipole shows a strong dependence on the polar displacement,
which might be helpful for the detection of polar order. The nonlinear Hall effect provides an effective method
for the detection of phase transition in the study of the ferroelectriclike metals and promotes them to be applied
in ferroelectriclike electronic devices.
DOI: 10.1103/PhysRevB.102.024109

I. INTRODUCTION

Ferroelectrics are a kind of crystalline material that exhibit
electrically switchable electrical polarization. In these types
of materials, the structural phase transitions happen at the
ferroelectric critical temperature, bringing the spontaneous
atomic polar distortion and ferroelectric polarization at low
temperatures. The ferroelectric materials are usually insulators. In the 1960s, Anderson and Blount pointed out that in a
metallic system, a ferroelectric-like structural phase transition
can also emerge to introduce the long-range polar order [1].
Due to the coexistence of two seemingly incompatible properties: ferroelectriclike distortion and metallic conductivity, the
ferroelectriclike metals are a relatively rare class of materials.
This concept was first found in LiOsO3 [2], and then was
found in NdNiO3 thin film [3] and some Van der Waals
materials such as WTe2 [4,5] and MoTe2 [6], etc. The combination of metallicity and polar structures gives rise to a
series of unique physical properties, such as unconventional
Cooper pairing [7–10], highly anisotropic thermopower response [10], anomalous optical properties [11,12], and magnetoelectricity [7,10,13].
Despite these remarkable signs of progress, the efficient
detection of the polar order in ferroelectriclike metal remains
a challenging problem. The screen of the conduction electron
makes it difficult to be characterized by traditional techniques
such as piezo-force microscopy and ferroelectric hysteresis
loop measurements. Structural characterization methods such
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as x-ray and neutron diffraction can be used to detect the
ferroelectriclike phase transition [2]. However, it is difficult
to distinguish whether the polar displacement is positive or
negative in these methods. Optical techniques such as nonlinear optical method (second harmonic generation) [3,14,15]
can probe the structural asymmetry in ferroelectriclike metals.
However, the strong absorption of light by metals limits the
detection within small thicknesses below the surface. Thus,
an efficient electrical transport method to detect the ferroelectriclike transition and polar order would be desirable for
ferroelectriclike metals.
This difficulty might be solved by the recently discovered
nonlinear Hall effect [16,17]. Unlike the linear anomalous
Hall effect that only appears in magnetic materials where the
time-reversal symmetry T̂ is broken, the nonlinear Hall effect
can emerge in nonmagnetic (i.e., T̂ is invariant) materials as
a second-order response to an electric field. It requires the
breaking of inversion symmetry Iˆ and finite Berry curvature
dipole to generate a net anomalous velocity in a metallic
system under the application of charge current. This effect has
been experimentally observed in few-layer WTe2 [18,19] and
monolayer strained MoS2 [20]. It was demonstrated that the
Berry curvature dipole could be used to detect the ferroelectric
order in two-dimensional ferroelectric materials, such as fewlayer WTe2 [21,22] and SnTe [23,24]. Since all ferroelectriclike metals have a noncentrosymmetric polar structure, the
nonlinear Hall effect is an intrinsic property of these materials.
Therefore, the nonlinear Hall effect can be used to detect the
polar order in them.
In this paper, we use the most investigated ferroelectriclike
metal LiOsO3 as a representative material to demonstrate that
the polar order in ferroelectriclike metals can be detected by
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the nonlinear Hall effect. Based on the symmetry analysis and
first-principles density-functional theory (DFT) calculations,
we predict that the paraelectriclike phase of LiOsO3 prohibits
the existence of the nonlinear Hall effect, while the ferroelectriclike LiOsO3 supports a sizable Berry curvature dipole and
leads to a measurable nonlinear Hall voltage.
The rest of the paper is arranged as follows. In Sec. II, the
symmetry analysis of the nonlinear Hall effect is performed.
In Sec. III, we introduce the first-principles calculation methods. The calculation results and the corresponding explanation
of the calculation results are shown in Sec. IV. Discussion is
listed in Sec. V, and a brief conclusion is given in Sec. VI.
II. SYMMETRY ANALYSIS

An electric field E = Re{E e } with amplitude E and
frequency ω can introduce the nonlinear Hall current
density [16],


(1)
Ja = Re Ja(0) + Ja(2) ei2ωt ,
iωt

(0)
where a, b, c = {x, y, z}, Ja(0) = χabc
Eb Ec∗ describes the rec(2)
tified current and Ja(2) = χabc Eb Ec is the second harmonic
current. Here the nonlinear Hall coefficients are
(0)
(2)
χabc
= χabc
= −adc

e3 τ Dbd
,
2h̄2 (1 + iωτ )

(2)

which include the relaxation time τ and the Berry curvature
dipole Dbd :


∂ f0
d 3k
d 3k 
Dbd =
ρ
(k)
=
−
vb dnk
.
(3)
bd
3
3
∂Enk
(2π )
(2π ) n
Here ρbd is the Berry curvature dipole density, Enk is the
energy of the nth band at the k point, f0 means the equilibrium
Fermi-Dirac distribution function, and dnk denotes the Berry
curvature. Finite Dbd can emerge in a nonmagnetic (i.e., T̂ is
invariant) material within inversion symmetry Iˆ broken [16].
Clearly, the factor ∂ f0 /∂Enk in Eq. (3) indicates that the Berry
curvature dipole is a Fermi surface property and the nonlinear
Hall effect can only appear in metallic systems.
All the polar point groups (Cn , Cnv n = 1, 2, 3, 4, 6) can
have nonzero Berry curvature dipole. In these polar groups,
−
it is convenient to define a vector d [16] as da = abc Dbc
/2,
−
T
where D = (D − D )/2 is the antisymmetric parts of the
Berry curvature dipole tensor. The polar symmetry enforces
the finite vector d oriented along the polar axis [16], which
is something similar to the electric dipole P in ferroelectric
insulators. Ferroelectriclike metals are metallic systems with
noncentrosymmetric polar structures. Therefore, the polar
phase can be directly reflected by the nonlinear Hall response
related to the vector d. Above the critical temperature, these
materials transform from the ferroelectriclike phase to the
paraelectriclike phase. The paraelectriclike phase has zero
Berry curvature dipole due to the existence of inversion symmetry. This phase transition can change the magnitude of the
nonlinear Hall voltage from a finite value to zero. If the polar
displacement is switched, the nonlinear Hall voltage will be
reversed, because this switching is equivalent to an inversion
symmetry operation, which changes the sign of the Berry curvature dipole. This fully shows that the nonlinear Hall effect

FIG. 1. Primitive unit cell of (a) paraelectriclike and (b) ferroelectriclike phases of LiOsO3 . The ferroelectriclike phase transition
mainly involves the displacements of Li atoms. The arrows in
(b) stand for the displacements of Li ions along the polar axis (z
direction). (c) Brillouin zone of LiOsO3 .

measurement can be a promising method for the electrical
detection of the polar order in the ferroelectric-like metals.
Here we use LiOsO3 , the first discovered [2] and most
investigated [14,25–28] ferroelectric-like metal, as a representative example to demonstrate that the nonlinear Hall effect
can detect the polar order in ferroelectriclike metals. At high
temperature, LiOsO3 has a centrosymmetric rhombohedral
structure with space group R3c (No. 167) and point group D3d .
The Os atom is octahedrally coordinated by six O atoms and
located at the center between two Li atoms [Fig. 1(a)]. In this
paraelectriclike phase, the Berry curvature dipole vanishes
ˆ A ferroelectriclike structural
due to the inversion symmetry I.
transition shows up below 140 K [2] due to the A2u phonon
module of the paraelectriclike phase [25,26], accompanied by
the main displacement of Li atoms along the polar direction,
i.e., z ([111]) direction. This displacement results in a ferroelectriclike phase with space group R3c (No. 161) and point
group C3v , as shown in Fig. 1(b). This point group contains a
threefold rotation symmetry C3z around z direction, and three
mirror planes parallel to the z direction. The Berry curvature
dipole tensor under point group C3v is (see Supplemental
Material [29]):
⎤
⎡
0
Dxy 0
0
0⎦.
(4)
D = ⎣−Dxy
0
0
0
There are only two independent nonzero antisymmetric elements. This leads to the vector d = (0, 0, dz ) oriented along
the polar axis with dz = (Dxy − Dyx )/2 = Dxy , which relates
to a nonlinear Hall current along z direction induced by an
in-plane injecting current (see details in Sec. IV).
III. CALCULATION DETAILS

The first-principles calculations based on DFT are performed with the projector augmented-wave method implemented in the VASP [30,31] package. General gradient approximation based on the Perdew-Burke-Ernzerhof (functional is
used and the spin-orbit coupling effect is included. The Brillouin zone is sampled with a 16 × 16 × 16 mesh of k points.
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TABLE I. Calculated lattice parameters and the polar displacement of the Li atom with the hexagonal representation. The numbers inside
the parentheses are the experimental values reported in Ref. [2].

Paraelectriclike LiOsO3
Ferroelectriclike LiOsO3

a (Å)

c (Å)

5.164 (5.064)
5.091 (5.046)

13.178 (13.211)
13.362 (13.239)

The lattice parameters and atomic positions are fully relaxed
until the force on each atom is less than 10−4 eV/Å. The DFT
Bloch wave functions are iteratively transformed into maximally localized Wannier functions by the WANNIER90 code
[32,33] and Os-d and O-p orbitals are used to construct the
Wannier functions. The Berry curvature and Berry curvature
dipole are calculated by the Wannier function implemented
in the WANNIERTOOLS software package [34]. In the Berry
curvature dipole calculations, the adaptive broadening scheme
for k-space integration [35] is employed. The convergence test
is taken, and a k-mesh grid of 300 × 300 × 300 is adopted.
IV. RESULTS AND EXPLANATIONS

The calculated crystal structural parameters and total
energies of the LiOsO3 are shown in Table I. We find the
calculated lattice constants and atomic displacement are
close to the experimental and previously calculated values
[2,25,27]. The ferroelectriclike phase of LiOsO3 has lower
energy by 56 meV/cell compared to the paraelectriclike
phase. This result is consistent with the experimental
observations that the ferroelectriclike phase is the ground
state at low temperature [2].
The calculated band structures of the paraelectriclike
and ferroelectriclike LiOsO3 are shown in Figs. 2(a) and
2(b), respectively. Consistent with previous theoretical works
[25,27,36], we find the bands around the Fermi energy (EF )
are mainly contributed by the Os-d and O-p orbitals (see
Fig. S1 in the Supplemental Material [29]). Since Li atoms
are highly ionic and do not bond with Os and O atoms, the
polar displacements of Li do not influence the major shape of
the band structures around EF . The main difference between
the band structures of the two phases is degeneracy. In the
paraelectriclike phase, the presence of the inversion symmetry
Iˆ and time-reversal symmetry T̂ enforces the double degeneracy of each band in the Brillouin zone. On the other hand,
the inversion symmetry Iˆ is removed in the ferroelectriclike
phase, which destroys the band degeneracy except for the

FIG. 2. Band structure of (a) paraelectriclike and (b) ferroelectriclike LiOsO3 .

zLi (Å)
0
0.479 (0.467)

E (meV)
0
−56

time-reversal invariant k points. Here we focus on the band
structure of the ferroelectriclike phase. There are four bands
crossing the EF , forming holelike pockets at the top and
bottom surfaces of the Brillouin zone and electronlike pockets
around the center and the corners of Brillouin zone, as shown
in Fig. S1 [29]. Figure 3(a) shows the cross section of the
Fermi pockets when kz = 0, where the threefold rotation Ĉ3z
and three mirror m̂ symmetries are clearly reflected.
As described by the symmetry analysis in Sec. II, the
metallic ground state and the polar structure guarantee the
existence of the Berry curvature dipole in ferroelectriclike
LiOsO3 . This can be seen from the transformations of Berry
curvature dipole density ρbd under symmetry operations
reflected by our numerical calculations. For example, the
mirror symmetry m̂xz generates the symmetry transformations
of the k point, velocity, and Berry curvature: m̂xz (kx , ky , kz ) =
(kx , −ky , kz ),
m̂xz vx (kx , ky , kz ) = vx (kx , −ky , kz ),
and
m̂xz yn (kx , ky , kz ) = yn (kx , −ky , kz ), as shown in Fig. 3(a).
∂ f0
Therefore, ρxy = − n vx ynk ∂E
is symmetric with m̂xz
nk
operation, i.e., m̂xz ρxy (kx , ky , kz ) = ρxy (kx , −ky , kz ), as
shown in Fig. 3(b). As a result, the Berry curvature
d3k
ρ
is nonzero. For
dipole component Dxy = (2π
)3 xy
∂ f0
another, the ρxx = − n vx xnk ∂E
is asymmetrically
nk
distributed with respect to the mirror plane m̂xz [Fig. 3(c)]

FIG. 3. (a) Fermi surface of ferroelectriclike LiOsO3 . Berry
curvature dipole density (in Å3 ) of (b) ρxy (k), (c) ρxx (k), and (d)
[ρxy (k) − ρyx (k)]/2 of ferroelectriclike LiOsO3 for kz = 0 plane.
The dashed lines in (a) denote the mirror planes and the hexagons
mean the Brillouin zone boundary.
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1 corresponds to the ferroelectriclike phase. As shown in
Fig. 4(b), the magnitude of dz monotonically decreases with
δ and vanishes in the paraelectriclike phase (δ = 0). Clearly,
the ferroelectriclike phase transition can be reflected by the
change of the nonlinear Hall voltage.
Next, we discuss the nonlinear Hall response induced by
the Berry curvature dipole in ferroelectriclike LiOsO3 . In
the polar group system with Berry curvature dipole d, the
nonlinear Hall current density driven by an electrical field E
can be written as [16]
e3 τ
E∗ × (d × E)
2h̄2 (1+iωτ )
3
e τ
E × (d × E).
J2ω = 2h̄2 (1+iωτ
)

J0 =

(5)

For an electric field E = E eiωt (sin θ cos ϕ, sin θ sin ϕ, cos θ )
(θ is the polar angle relative to the z axis, and ϕ is the
azimuthal angle relative to the x axis), the induced nonlinear
Hall current density,
FIG. 4. (a) Dxy and Dyx as a function of the chemical potential μ for the ferroelectriclike LiOsO3 . (b) The evolution dz with
polar order.

due
to
m̂xz xn (kx , ky , kz ) = −xn (kx , −ky , kz ),
which
leads to m̂xz ρxx (kx , ky , kz ) = −ρxx (kx , −ky , kz ). Therefore,
d3k
ρ = 0. The whole symmetries of velocity and
Dxx = (2π
)3 xx
Berry curvature under C3v symmetry are shown in Table S1
in the Supplemental Material [29]. Similarly, we can check
the symmetry distribution of other ρbd . The combination
of the antisymmetric parts of Berry curvature dipole density
[ρxy (k) − ρyx (k)]/2 has threefold symmetry and distributes
symmetrically with respect to the three mirror planes, as
+
k) −
shown in Fig. 3(d), due to ρxy (k) − ρyx (k) = ρxy (Ĉ3z
+
−
−
ρyx (Ĉ3z k) = ρxy (Ĉ3z k) − ρyx (Ĉ3z k)
(see
Supplemental
Material [29]). These results indicate that our numerical
calculations are consistent with the symmetry. Besides, only
the k points located at the Fermi surface have nonzero ρbd
as shown in Fig. 3, which implies Berry curvature dipole is
indeed the property of Fermi surface.
Figure 4(a) shows the calculated Berry curvature dipole
as a function of the chemical potential. Dxy = −Dyz , which
is consistent with the above symmetry analysis. The calculated Berry curvature dipole is about 0.017 at EF and can
be enhanced by proper doping. The Berry curvature dipole
is comparable to those predicted in Weyl semimetals TaAs,
MoTe2 [37], and topological insulator BiTeI [38]. There are
some band crossings near EF in ferroelectriclike LiOsO3 [36].
However, we note they do not have notable contributions to
the Berry curvature dipole due to the small tilting [29]. Similar
situations have been found in some topological semimetals
recently [37,39]. We found the Hubbard U will change the
band structures and Berry curvature dipole accordingly (see
Supplemental Material [29]). However, the nonlinear Hall
effect still exists in the ferroelectriclike LiOsO3 , because it
is determined by the symmetry.
To show the dependence of Dxy on the polar order, we
manually move the atoms along the z direction and define
δ as a parameter to reflect the polar displacement. δ = 0
corresponds to the paraelectriclike LiOsO3 phase, while δ =

|J0 | = |J2ω | =

e3 τ dz E 2
2h̄2 (1 + iωτ )

× [− cos θ sin θ cos ϕ, − cos θ sin θ sin ϕ, sin2 θ ]. (6)
Clearly, the nonlinear Hall current is absent when the electric
field E is along the z axis (θ = 0◦ ), according to Eq. (6). When
the electric field E is parallel to the x − y plane (θ = 90◦ ),
the in-plane component of the nonlinear Hall current vanishes,
while the out-of-plane component exists. Moreover, according
to Eq. (6), it is independent with the azimuthal angle ϕ. This
angle dependence of the nonlinear Hall effect in LiOsO3 is
much simpler than that of the nonlinear optics experiment
[15], indicating the convenience to detect the polar order.
Besides, different from the nonlinear optical method used in
ferroelectriclike metal [3,15], the nonlinear Hall current flows
inside the bulk of metals, which means the influence of the
surface is small.
In the DC limit (ω → 0), the nonlinear Hall conductance
induced by an in-plane electric field is
e3 τ dz E
.
(7)
h̄2
In the constant relaxation-time approximation, the Ohmic
conductivity is expressed as [35]
σ NHE = (J (0) + J (2ω) )/E =

σab =
where


Cab =

e2 τ
Cab ,
h̄2


∂ f0
1  ∂Enk ∂Enk
−
.
∂Enk
(2π )3 n ∂ka ∂kb

(8)

(9)

The parameter C can be easily obtained in our DFT calculations (see Fig. S3 in the Supplemental Material [29]). Using
Eqs. (8) and (9), we can drop out of the relaxation-time τ in
Eq. (7). Therefore, the nonlinear Hall conductivity in the DC
limit can be simply estimated by
σ NHE = e

dz
J.
C⊥

(10)

Using the calculated dz ∼ 0.02 and C⊥ ∼ 0.02 eV/Å (⊥
means the x − y direction, e.g., Cxx ) in the ferroelectriclike
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FIG. 5. (a) Schematics of the polar order detection in ferroelectriclike metal by the nonlinear Hall effect. The paraelectriclike and
ferroelectriclike state of LiOsO3 are all metallic; therefore, the driving current can go through the x − y plane (perpendicular to the polar axis).
An in-plane charge current generates a nonlinear Hall voltage along the out-of-plane direction, which is determined by the polar displacement
(denoted by δ). The nonlinear Hall voltage is (a) positive for δ > 0, (b) zero for δ = 0, and (c) negative for δ < 0.

LiOsO3 and a conventional driving electric current J ∼ 5 ×
106 A/cm2 , the calculated nonlinear Hall conductance of
σ NHE ∼ 5 −1 m−1 is estimated, according to Eq. (10). The
sizable nonlinear Hall conductance is comparable to those
values of anomalous Hall materials [40]. Furthermore, as
shown in Eq. (1), the nonlinear Hall current introduced by
a high-frequency electric field can be decomposed into a
rectified current and a second harmonic one. It allows us to
easily distinguish the output signal from the input current by
frequency. To sum up, the nonlinear Hall effect measurement
is really a promising and efficient detection method for the
polar order in LiOsO3 .
V. DISCUSSION

The manipulation and detection of the magnetic or electric dipoles result in spintronic and ferroelectric electronic
devices. Similarly, the manipulation and detection of the
polar order in ferroelectriclike metals might also generate
promising electronic devices. However, the screen effect from
the conduction electrons seems to prohibit the electrical
switching and detection of the polar order in ferroelectriclike
metals, which limits the electronic applications of these materials. It was suggested that the pressure and strain could
be used to control the polar displacement of ferroelectric
metals such as LiOsO3 [41,42]. Theoretical proposals have
been made for the electrical reversal of the polar distortion
in ferroelectriclike metals, such as decreasing the ferroelectriclike metal thickness [28], using the interface coupling
between the ferroelectriclike metal and the ferroelectric insulating substrate [26,43], etc. Experimentally, the switching
of the ferroelectriclike metal has been demonstrated in fewlayer WTe2 by using a double gate device [4] and in bulk
WTe2 single crystals using a piezoresponse force microscopy
[5]. Despite this remarkable progress, the efficient detection of the polar order in ferroelectriclike metals remains a
challenging problem.
Our calculation shows that the nonlinear Hall effect can
reflect not only the ferroelectriclike phase transition but also
the polar order of LiOsO3 . If dz is positive for the positive
polar displacement (δ > 0), a positive Hall voltage appears
along the z direction, as shown in Fig. 5(a). On the other
hand, the switching of the polar direction is equivalent to
apply the inversion symmetry operation in LiOsO3 , which

changes the sign of the Berry curvature dipole and thus
reverses the nonlinear Hall voltage [Fig. 5(c)]. However, the
paraelectriclike state cannot generate the nonlinear Hall signal
due to the symmetry [Fig. 5(b)]. This strong dependence of
the nonlinear Hall voltage on the polar direction is expected
to be robust against the unavoidable doping effect by defects, because the sign of dz remains invariable in a broad
energy window of 40 meV around EF (Fig. 4). In addition
to LiOsO3 , other ferroelectriclike metals such as Ca3 Ru2 O7
[44], Cd2 Re2 O3 [45,46], GeTe [47], NdNiO3 [3], etc. [48–50]
are also promising candidates to host nonlinear Hall effects.
The manipulation and detection of polar order in ferroelectriclike metals will be beneficial to expand the corresponding
electronic applications.
Due to the limitation of DFT calculations, we only consider the intrinsic contribution of the nonlinear Hall effect
in this paper. Disorder and impurity scattering can also
have extrinsic contributions to the nonlinear Hall effect, as
claimed in recent theoretical works [51–55]. Both the intrinsic and extrinsic nonlinear Hall effect require a noncentrosymmetric crystal space group. Therefore, ferroelectriclike
metals guarantee the existence of the nonlinear Hall effect.
Moreover, the intrinsic and extrinsic nonlinear Hall signals
may have different frequency dependence on the applied
electric field [52] and temperature [55], which offers the
methods to figure out the major contribution of nonlinear
Hall effect.
VI. CONCLUSION

In conclusion, we propose that the nonlinear Hall effect can detect polar order in ferroelectriclike metals. As a
representative example, we consider the most investigated
ferroelectriclike metal LiOsO3 and show that it has a large
Berry curvature dipole, which can introduce a sizable nonlinear Hall effect. This effect disappears in the paraelectriclike phase. Moreover, the strong dependence of the Berry
curvature dipole on the polar displacement offers an efficient
method to detect the polar order. Therefore, the nonlinear
Hall effect can be used in the study of the ferroelectriclike
structural phase transition and expands potential applications
in ferroelectriclike electronic devices. We hope our prediction
will stimulate the experimental exploration of the nonlinear
Hall effect in ferroelectriclike metals.
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